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KLJKILGHOLW\ RQH EXW XVHV FRDUVHU GLVFUHWL]DWLRQ DQG UHOD[HG FRQYHUJHQFH FULWHULD 7KH VKDSHSUHVHUYLQJ UHVSRQVH SUHGLFWLRQ
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GHWDLOWKHJHRPHWU\RIWKHFRPSRQHQWEHLQJVWXGLHGDGGLQJWRWKHGLPHQVLRQDOLW\RIWKHGHVLJQSUREOHP
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FRQVWUDLQWV DW D JLYHQRSHUDWLQJ FRQGLWLRQ7KHPRVW FRPPRQREMHFWLYH IXQFWLRQV LQFOXGH OLIWPD[LPL]DWLRQ GUDJ
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RSWLPL]DWLRQDOJRULWKP7KHQXPHULFDOGHPRQVWUDWLRQVRIRXUDSSURDFKRQWUDQVRQLFDLUIRLOGHVLJQVKRZWKDWWDUJHW
SUHVVXUHGLVWULEXWLRQVFDQEHPDWFKHGFORVHO\DWDORZFRPSXWDWLRQDOFRVWFRUUHVSRQGLQJWRDIHZHYDOXDWLRQVRIWKH
KLJKILGHOLW\PRGHO
3UREOHP)RUPXODWLRQ
$QDLUIRLO LVDVWUHDPOLQHGDHURG\QDPLFVXUIDFHVXFKDVWKHRQHVKRZQLQ)LJD7KHOHQJWKRIWKHDLUIRLO LV
FDOOHGWKHFKRUGDQGLVGHQRWHGE\F7KHWKLFNQHVVGHQRWHGE\WYDULHVDORQJWKHFKRUGOLQH7KHFXUYDWXUHFDOOHG
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URXQGHGDQGWKHWUDLOLQJHGJH7(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D IRUFH FRPSRQHQW SHUSHQGLFXODU WR WKH IUHH
VWUHDPDWDUDQJHRIRSHUDWLQJFRQGLWLRQV0DFKQXPEHU0f5H\QROGVQXPEHUDQJOHRIDWWDFNĮ1RUPDOO\WKH
GUDJIRUFHGDIRUFHFRPSRQHQWSDUDOOHOWRWKHIUHHVWUHDPLVWREHPLQLPL]HG)RULQYLVFLGWUDQVRQLFIORZWKHOLIW
DQG GUDJ IRUFHV DUH GHWHUPLQHG E\ WKH SUHVVXUH GLVWULEXWLRQ DFWLQJ RQ WKH DLUIRLO VXUIDFH ZKLFK LV REWDLQHG E\
VROYLQJ WKH JRYHUQLQJ HTXDWLRQVRI WKH IOXLG IORZSDVW WKH DLUIRLO7KHSUHVVXUHGLVWULEXWLRQ LV UHSUHVHQWHGE\ WKH
SUHVVXUHFRHIILFLHQWZKLFKLVGHILQHGDV
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Uf9fLVWKHG\QDPLFSUHVVXUHULVWKHDLU
GHQVLW\DQG9fLVWKHIUHHVWUHDPVSHHG$QH[DPSOHSUHVVXUHGLVWULEXWLRQRQWKHVXUIDFHRIDQDLUIRLOIRUDIORZDWD
WUDQVRQLFFRQGLWLRQLVVKRZQLQ)LJE
,Q LQYHUVH GHVLJQ WKH UROH RI WKH GHVLJQHU LV WR VSHFLI\ D SDUWLFXODU IORZ IHDWXUH ZKLFK W\SLFDOO\ LV D WDUJHW
SUHVVXUHGLVWULEXWLRQ&SWRQ WKH VXUIDFHRI WKHDLUIRLO7KH WDVN LV WKHQ WR ILQG WKHDLUIRLOVKDSH WKDWFDQJLYH WKH
WDUJHWSUHVVXUHGLVWULEXWLRQDWWKHGHVLUHGIORZFRQGLWLRQ7KLVFDQEHGRQHE\PLQLPL]LQJWKHGLIIHUHQFHEHWZHHQWKH
SUHVVXUHGLVWULEXWLRQRIWKHDLUIRLO&SDQGWKHWDUJHWGLVWULEXWLRQ&SW
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VHH6HFIRUIXUWKHUGHWDLOV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RSHUDWLQJFRQGLWLRQVVROYH
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ZKHUH I[ LV WKH REMHFWLYH IXQFWLRQ[ LV WKH GHVLJQ YDULDEOH YHFWRUJM[ DUH WKH LQHTXDOLW\ FRQVWUDLQWV0 LV WKH
QXPEHURIWKHLQHTXDOLW\FRQVWUDLQWVKN[DUHWKHHTXDOLW\FRQVWUDLQWV1LVWKHQXPEHURIWKHHTXDOLW\FRQVWUDLQWV
DQGODQGXDUHWKHGHVLJQYDULDEOHVORZHUDQGXSSHUERXQGVUHVSHFWLYHO\
,Q LQYHUVHDLUIRLOGHVLJQ WKHREMHFWLYH IXQFWLRQFDQEH WKH/QRUPRI WKHGLIIHUHQFHEHWZHHQ WKHDLUIRLOSUHVVXUH
GLVWULEXWLRQ DQG WKH WDUJHW SUHVVXUH GLVWULEXWLRQ RU I[   ò ³>&S[ &SW@ GV $ PLQLPXP WKLFNQHVV LV QRUPDOO\
VSHFLILHGVRWKDWWKHRSWLPL]HUGRHVQRWUHGXFHWKHDLUIRLOWRDWKLQSODWH7KHWKLFNQHVVFRQVWUDLQWFDQEHZULWWHQDVJ[
 $PLQ±$[ZKHUH$[LVWKHFURVVVHFWLRQDODUHDRIWKHDLUIRLODQG$PLQLVWKHPLQLPXPFURVVVHFWLRQDODUHD
&RPSXWDWLRQDO)OXLG'\QDPLF0RGHOLQJ
$VLQJOH&)'VLPXODWLRQLVLQJHQHUDOFRPSRVHGRIIRXUVWHSVWKHJHRPHWU\JHQHUDWLRQPHVKLQJRIWKHVROXWLRQ
GRPDLQ QXPHULFDO VROXWLRQRI WKHJRYHUQLQJ IOXLG IORZHTXDWLRQV DQGSRVWSURFHVVLQJRI WKH IORZ UHVXOWVZKLFK
LQYROYHVLQWKHFDVHRIQXPHULFDORSWLPL]DWLRQFDOFXODWLQJWKHREMHFWLYHVDQGFRQVWUDLQWV,QWKLVVHFWLRQZHSUHVHQW
HDFKVWHSRIWKH&)'PRGHOLQJSURFHVVIRUERWKWKHKLJKILGHOLW\DQGORZILGHOLW\PRGHOV
$LUIRLO3DUDPHWHUL]DWLRQ
,QWKLVSDSHUIRUWKHVDNHRIVLPSOLFLW\ZHXVHWKH1$&$DLUIRLOVKDSHV,QSDUWLFXODUZHXVHWKH1$&$IRXU
GLJLW DLUIRLO SDUDPHWHUL]DWLRQ PHWKRG ZKHUH WKH DLUIRLO VKDSH LV GHILQHG E\ WKUHH SDUDPHWHUVP WKH PD[LPXP
RUGLQDWHRIWKHPHDQFDPEHUOLQHDVDIUDFWLRQRIFKRUGSWKHFKRUGZLVHSRVLWLRQRIWKHPD[LPXPRUGLQDWHDQGWF
WKH WKLFNQHVVWRFKRUGUDWLR7KHDLUIRLOVDUHGHQRWHGE\1$&$PS[[ZKHUH[[ UHSUHVHQWV WKHYDOXHRI WF7KH
VKDSHVDUHFRQVWUXFWHGXVLQJWZRSRO\QRPLDOVRQHIRUWKHWKLFNQHVVGLVWULEXWLRQDQGWKHRWKHUIRUWKHPHDQFDPEHU
OLQH7KHIXOOGHWDLOVRIWKH1$&$IRXUGLJLWSDUDPHWHUL]DWLRQPHWKRGDUHJLYHQLQ$EERWWDQG'RHQKRII>@7KUHH
H[DPSOH1$&$IRXUGLJLWDLUIRLOVDUHVKRZQLQ)LJ

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7UDQVRQLFIORZSDVWDLUIRLOVLVFKDUDFWHUL]HGE\UHJLRQVRIORFDOO\VXEVRQLF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DQGVXSHUVRQLF0DFK!
 IORZWKDWRFFXUVRYHUDERG\ZKLFK LVPRYLQJDW0DFKQXPEHUVQHDUXQLW\$VVXPLQJDQ LQYLVFLGDGLDEDWLF
IORZ ZLWK QR ERG\ IRUFHV WKH (XOHU HTXDWLRQV DUH WKH PRVW DFFXUDWH GHVFULSWLRQ RI WKH IOXLG IORZ 7KH (XOHU
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HTXDWLRQV DUH D VHW RI FRXSOHG QRQOLQHDU SDUWLDO GLIIHUHQWLDO HTXDWLRQV WKDW UHSUHVHQW WKH FRQVHUYDWLRQ RI PDVV
PRPHQWXPDQGHQHUJ\ZULWWHQLQ&DUWHVLDQFRRUGLQDWHVDV>@
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P S WF LVVKRZQE\DGDVKOLQH1$&$P S WF LVVKRZQE\DGDVKGRWOLQH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LQZKLFKU LV DLU GHQVLW\X DQG Y DUH WKH YHORFLW\ FRPSRQHQWV LQ WKH [ DQG \ GLUHFWLRQV UHVSHFWLYHO\S LV VWDWLF
SUHVVXUHDQG(W UH9LVWKHWRWDOHQHUJ\SHUXQLWYROXPHHLVWKHLQWHUQDOHQHUJ\SHUXQLWPDVV9LVWKH
NLQHWLFHQHUJ\SHUXQLWPDVV7KHVHHTXDWLRQVKROGLQWKHDEVHQFHRIVHSDUDWLRQDQGRWKHUVWURQJYLVFRXVHIIHFWVIRU
DQ\VKDSHRIWKHERG\WKLFNRUWKLQDQGDWDQ\DQJOHRIDWWDFN+RZHYHUWKHVHIRXUVFDODUHTXDWLRQVFRQWDLQILYH
XQNQRZQVQDPHO\USHXY$QHTXDWLRQRIVWDWHLVQHHGHGWRFORVHWKHV\VWHPRIHTXDWLRQV$VVXPLQJDSHUIHFW
JDVWKHHTXDWLRQRIVWDWHLV

57S U 

ZKHUH5LVWKHJDVFRQVWDQW,QWKHFXUUHQWZRUNWKHIORZLVDVVXPHGWRVWHDG\VRWKHILUVWWHUPRI(TYDQLVKHV
7KH FRPSXWDWLRQDO PHVKHV XVHG LQ WKLV VWXG\ DUH DOO RI VWUXFWXUHG FXUYLOLQHDU ERG\ILWWHG &WRSRORJ\ DQG DUH
JHQHUDWHGXVLQJWKHFRPSXWHUFRGH,&(0&)'>@7KHVROXWLRQGRPDLQERXQGDULHVDUHSODFHGDWFKRUGOHQJWKV
LQ IURQW RI WKH DLUIRLO  FKRUG OHQJWKV EHKLQG LW DQG  FKRUG OHQJWKV DERYH DQG EHORZ LW $ ILQH PHVK ZDV
GHYHORSHGZLWKDWRWDORISRLQWVLQWKH]GLUHFWLRQSRLQWVRQWKHDLUIRLOVXUIDFHDQGSRLQWVLQWKHZDNH
EHKLQGWKHDLUIRLOZLWKDWRWDORIWKRXVDQGFHOOV$QH[DPSOHFRPSXWDWLRQDOPHVKLVVKRZQLQ)LJ
7KH QXPHULFDO IOXLG IORZ VLPXODWLRQV DUH SHUIRUPHG XVLQJ WKH FRPSXWHU FRGH )/8(17 >@ $V\PSWRWLF
FRQYHUJHQFH WR D VWHDG\ VWDWH VROXWLRQ LV REWDLQHG IRU HDFK FDVH 7KH LWHUDWLYH FRQYHUJHQFH RI HDFK VROXWLRQ LV
H[DPLQHGE\PRQLWRULQJWKHRYHUDOOUHVLGXDOZKLFKLVWKHVXPRYHUDOOWKHFHOOVLQWKHFRPSXWDWLRQDOGRPDLQRIWKH
/QRUPRIDOO WKHJRYHUQLQJHTXDWLRQVVROYHG LQHDFKFHOO ,QDGGLWLRQ WR WKLV WKH OLIWDQGGUDJIRUFHV GHILQHG LQ
6HFDUHPRQLWRUHGIRUFRQYHUJHQFH7KHFULWHULDXVHGLQWKLVZRUNIRUWKHKLJKILGHOLW\PRGHO LVDPD[LPXP
UHVLGXDORIRUDPD[LPXPQXPEHURILWHUDWLRQVRI
/RZ)LGHOLW\&)'0RGHO
7KHORZILGHOLW\&)'PRGHOLVFRQVWUXFWHGE\XVLQJWKH(XOHUHTXDWLRQVEXWZLWKDFRDUVHUFRPSXWDWLRQDOPHVK
DQGUHOD[HGFRQYHUJHQFHFULWHULD7KHSDUDPHWHUVRIWKHPHVKDQGWKHQXPEHURIVROYHULWHUDWLRQVZHUHREWDLQHGE\
SHUIRUPLQJDSDUDPHWULFVWXG\XVLQJWKH1$&$DLUIRLOVHFWLRQDW0f DQGĮ GHJ
          


[F
]F
1$&$ 1$&$1$&$
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 
D E
)LJ D$QH[DPSOHFRPSXWDWLRQDOPHVKZLWKDVWUXFWXUHG&WRSRORJ\ IRUD1$&$DLUIRLO EDYLHZRI WKHPHVKFORVH WRWKHDLUIRLO
VXUIDFH

,QLWLDOO\ WKH ILQH PHVK LV VROYHG WR IXOO FRQYHUJHQFH 7KH VROYHU QHHGHG  LWHUDWLRQV WR UHDFK D FRQYHUJHG
VROXWLRQEDVHGRQWKHUHVLGXDOVRIWKHJRYHUQLQJHTXDWLRQV+RZHYHUWKHOLIWDQGGUDJFRHIILFLHQWYDOXHVUHDFKHGD
FRQYHUJHGYDOXHDIWHUDSSUR[LPDWHO\LWHUDWLRQV7KHUHIRUHWKHQXPEHURILWHUDWLRQVOLPLWZDVVHWWRKXQGUHG
LWHUDWLRQVLQWKHVXEVHTXHQWVWHSV
7KHPHVKSRLQWVZHUHUHGXFHGLQWZRVWHSV)LUVWWKHQXPEHURIPHVKSRLQWVLQWKH]GLUHFWLRQDQGWKHQXPEHURI
PHVKSRLQWVEHKLQGWKHDLUIRLOZHUHUHGXFHGE\DSSUR[LPDWHO\KDOI7KLVSURFHGXUHZDVUHSHDWHGDQGLQHDFKVWHS
WKHSUHVVXUHGLVWULEXWLRQZDVSORWWHG,WZDVREVHUYHGWKDWWKHVKRFNORFDWLRQPRYHGUHDUZDUG$IWHUILYHVXEVHTXHQW
VWHSVWKHSUHVVXUHGLVWULEXWLRQEHFDPHKLJKO\GLVWRUWHGQHDUWKHOHDGLQJHGJH7KHSUHYLRXVPHVKZDVWKHQUHWDLQHG
DQG WKHQXPEHURIPHVKSRLQWVRQ WKHDLUIRLO VXUIDFHZDV UHGXFHG LQFUHPHQWDOO\$JDLQ WKHSUHVVXUHGLVWULEXWLRQ
ZDVSORWWHGIRUHDFKVWHS,WZDVREVHUYHGWKDWWKHVKRFNVWUHQJWKUHGXFHGLQHDFKVWHSDVWKHPHVKJRWFRDUVHUDQG
FRDUVHURQWKHDLUIRLOVXUIDFH$IWHUWKUHHVWHSVWKHSURFHGXUHZDVKDOWHG7KHUHVXOWLQJPHVKKDVSRLQWVLQWKH]
GLUHFWLRQ  SRLQWV RQ WKH DLUIRLO VXUIDFH DQG  SRLQWV LQ WKH ZDNH EHKLQG WKH DLUIRLO ZLWK D WRWDO RI 
WKRXVDQGFHOOV7KHRYHUDOOHYDOXDWLRQWLPHLVUHGXFHGWRDERXWVZKLFKLVDSSUR[LPDWHO\WLPHVIDVWHUWKDQ
WKHKLJKILGHOLW\PRGHOXVLQJWKHILQHPHVKDQGWUDGLWLRQDOFRQYHUJHQFHFULWHULD
7KH RYHUDOO HYDOXDWLRQ WLPH RI WKH KLJKILGHOLW\ PRGHO LQ WKLV SDUDPHWULF VWXG\ LV  V ZLWK D WRWDO RI 
LWHUDWLRQV ,QPDQ\FDVHV WKH VROYHUGRHVQRW IXOO\FRQYHUJHZLWK UHVSHFW WR WKH UHVLGXDOVDQGJRHVRQXS WR
LWHUDWLRQV7KHQWKHRYHUDOOHYDOXDWLRQWLPHJRHVXSWRVDQGWKHORZILGHOLW\PRGHOLVDSSUR[LPDWHO\WLPHV
IDVWHU)RUWKHVDNHRIVLPSOLFLW\ZHZLOOXVHDIL[HGYDOXHRILQWKHQXPHULFDOFRPSXWDWLRQVSUHVHQWHGODWHULQWKH
SDSHU1RWHWKDWWKHHYDOXDWLRQWLPHVUHSRUWHGKHUHLQFOXGHVWKHWLPHUHTXLUHGIRUFRQQHFWLQJWRWZLFHWRWKHOLFHQVH
VHUYHURQFHIRUWKHJULGJHQHUDWRU,&(0&)'>@DQGRQFHIRUWKHIORZVROYHU)/8(17>@
$HURG\QDPLF)RUFHV
7KHQRQGLPHQVLRQDO IRUFHFRHIILFLHQWVSDUDOOHO WR WKH[ DQG]D[HV&[ DQG&] UHVSHFWLYHO\ DUHFDOFXODWHGE\
LQWHJUDWLQJWKHSUHVVXUHGLVWULEXWLRQ&SRYHUWKHVXUIDFHRIWKHDLUIRLODV>@

³ GV&& S[ TVLQ  ³ GV&& S] TFRV  

ZKHUHGV LV WKHVXUIDFHSDQHOHOHPHQWRI OHQJWKDQGT LV WKHDQJOH WKHSDQHOPDNHVUHODWLYH WR WKH[D[LV7KH OLIW
FRHIILFLHQW&ODQGWKHZDYHGUDJFRHIILFLHQW&GZDUHFDOFXODWHGDV

DD FRVVLQ ][O &&&   DD VLQFRV ][GZ &&&   
6XUURJDWH0RGHOLQJ
,Q RUGHU WR XVH WKH ORZILGHOLW\ PRGHO DV D UHOLDEOH SUHGLFWLRQ WRRO LQ WKH RSWLPL]DWLRQ SURFHVV LW KDV WR EH
FRUUHFWHGWREHFRPHDUHOLDEOHUHSUHVHQWDWLRQRIWKHKLJKILGHOLW\PRGHO7KHFRUUHFWHGORZILGHOLW\PRGHOLVFDOOHGD
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VXUURJDWH7KH VXUURJDWHPRGHO FDQ UHSODFH WKH KLJKILGHOLW\ RQH LQ WKHRSWLPL]DWLRQSURFHVV DQG WKXV UHGXFH WKH
RYHUDOORSWLPL]DWLRQFRVW
+HUHZHDGRSWDVKDSHSUHVHUYLQJUHVSRQVHSUHGLFWLRQ6353PHWKRGRORJ\LQWURGXFHGLQ>@LQWKHFRQWH[WRI
PLFURZDYHHQJLQHHULQJDQGUHFHQWO\DSSOLHGIRUGLUHFWDLUIRLOGHVLJQ>@6353LVHDV\WRLPSOHPHQWXQOLNHVSDFH
PDSSLQJ LW GRHV QRW QHHG DQ\ DX[LOLDU\ WUDQVIRUPDWLRQV RU H[WUDFWDEOH SDUDPHWHUV >@$OVR LW GRHV QRW UHTXLUH
KLJKILGHOLW\PRGHOGHULYDWLYHLQIRUPDWLRQ
%\IRUPXODWLRQ6353ZRUNVGLUHFWO\ZLWKWKHPRGHORXWSXWVWKDWFDQEHGHVFULEHGE\FHUWDLQQXPEHURIGHVLJQ
YDULDEOHGHSHQGHQWFKDUDFWHULVWLFIHDWXUHV>@,QWKHFDVHRIDSUHVVXUHGLVWULEXWLRQWKHVHIHDWXUHVPD\LQFOXGHWKH
ORFDWLRQDQGVWUHQJWKRIWKHVKRFNWKHSUHVVXUHDWWKHOHDGLQJDQGWUDLOLQJHGJHVDQGPDQ\RWKHUV,QGLUHFWDLUIRLO
GHVLJQWKHSUHVVXUHGLVWULEXWLRQLVDQLQWHUPHGLDWHVLPXODWLRQUHVXOWZLWKWKHILJXUHVRILQWHUHVWVXFKDVOLIWRUZDYH
GUDJEHLQJGHULYHGIURPLW,QLQYHUVHGHVLJQWKHSUHVVXUHGLVWULEXWLRQLVWKHPDLQREMHFWRILQWHUHVWZKLFKPDNHV
6353ZHOOVXLWHGIRUWKLVNLQGRISUREOHP
:H ZLOO GHQRWH WKH YHFWRU RI GHVLJQ YDULDEOHV DV [ 7KH SUHVVXUH GLVWULEXWLRQ IRU WKH KLJK DQG ORZILGHOLW\
PRGHOVZLOOEHGHQRWHGDV&SIDQG&SFUHVSHFWLYHO\7KHVXUURJDWHPRGHOLVFRQVWUXFWHGDVVXPLQJWKDWWKHFKDQJHRI
&SIGXHWRWKHDGMXVWPHQWRIWKHGHVLJQYDULDEOHV[FDQEHSUHGLFWHGXVLQJWKHDFWXDOFKDQJHVRI&SF7KHFKDQJHRI
&SFLVGHVFULEHGE\WKHWUDQVODWLRQYHFWRUVFRUUHVSRQGLQJWRFHUWDLQILQLWHQXPEHURILWVFKDUDFWHULVWLFSRLQWV7KHVH
WUDQVODWLRQYHFWRUVDUHVXEVHTXHQWO\XVHGWRSUHGLFWWKHFKDQJHRI&SIZKHUHDVWKHDFWXDO&SIDWWKHFXUUHQWGHVLJQ
&SI[LLVWUHDWHGDVDUHIHUHQFH
)LJXUHDVKRZVWKHSUHVVXUHGLVWULEXWLRQ&SFRIWKHORZILGHOLW\PRGHODW[L >@71$&$
DLUIRLOIRU0f DQGĮ GHJDVZHOODV&SFDW[ >@7[LZLOOGHQRWHDFXUUHQWGHVLJQDWWKH
LWK LWHUDWLRQ RI WKH RSWLPL]DWLRQ DOJRULWKP WKH LQLWLDO GHVLJQ ZLOO EH GHQRWHG DV [ DFFRUGLQJO\ &LUFOHV GHQRWH
FKDUDFWHULVWLFSRLQWVRI&SF[LKHUHUHSUHVHQWLQJDPRQJRWKHUV[FHTXDOWRDQGOHDGLQJDQGWUDLOLQJDLUIRLO
HGJHVUHVSHFWLYHO\WKHPD[LPDRI&SFIRUWKHORZHUDQGXSSHUDLUIRLOVXUIDFHVDVZHOODVWKHORFDOPLQLPXPRI&SF
IRU WKH XSSHU VXUIDFH7KH ODVW WZR SRLQWV DUH XVHIXO WR ORFDWH WKH SUHVVXUH VKRFN 6TXDUHV GHQRWH FRUUHVSRQGLQJ
FKDUDFWHULVWLFSRLQWVIRU&SF[ZKLOHVPDOOOLQHVHJPHQWVUHSUHVHQWWKHWUDQVODWLRQYHFWRUVWKDWGHWHUPLQHWKH³VKLIW´
RIWKHFKDUDFWHULVWLFSRLQWVRI&SFZKHQFKDQJLQJWKHGHVLJQYDULDEOHVIURP[LWR[
,QRUGHUWRREWDLQDUHOLDEOHSUHGLFWLRQWKHQXPEHURIFKDUDFWHULVWLFSRLQWVKDVWREHODUJHUWKDQLOOXVWUDWHGLQ)LJ
D$GGLWLRQDOSRLQWVDUHLQVHUWHGLQEHWZHHQLQLWLDOSRLQWVHLWKHUXQLIRUPO\ZLWKUHVSHFWWR[FIRUWKRVHSDUWVRI
WKHSUHVVXUHGLVWULEXWLRQWKDWDUHDOPRVWIODWRUEDVHGRQWKHUHODWLYHSUHVVXUHYDOXHZLWKUHVSHFWWRFRUUHVSRQGLQJ
LQLWLDO SRLQWV IRU WKRVH SDUWV RI WKH SUHVVXUH GLVWULEXWLRQ WKDW DUH ³VWHHS´ )LJXUH E VKRZV WKH IXOO VHW RI
FKDUDFWHULVWLFSRLQWVLQLWLDOSRLQWVDUHGLVWLQJXLVKHGXVLQJODUJHUPDUNHUV
7KH SUHVVXUH GLVWULEXWLRQ RI WKH KLJKILGHOLW\ PRGHO DW WKH JLYHQ GHVLJQ KHUH [ FDQ EH SUHGLFWHG XVLQJ WKH
WUDQVODWLRQYHFWRUVDSSOLHGWRWKHFRUUHVSRQGLQJFKDUDFWHULVWLFSRLQWVRIWKHSUHVVXUHGLVWULEXWLRQRIWKHKLJKILGHOLW\
PRGHODW[L&SI[L7KLVLVLOOXVWUDWHGLQ)LJXUHDZKHUHRQO\LQLWLDOFKDUDFWHULVWLFSRLQWVDQGWUDQVODWLRQYHFWRUV
DUHVKRZQIRUFODULW\)LJXUHEVKRZVWKHSUHGLFWHGSUHVVXUHGLVWULEXWLRQRIWKHKLJKILGHOLW\PRGHODW[DVZHOODV
WKHDFWXDO&SI[7KHDJUHHPHQWEHWZHHQERWKFXUYHVLVYHU\JRRG
5LJRURXV IRUPXODWLRQ RI WKH 6353 WHFKQLTXH FDQ EH IRXQG LQ >@:H RPLW WKH GHWDLOV KHUH IRU WKH VDNH RI
EUHYLW\ ,W VKRXOG EH PHQWLRQHG WKDW WKH 6353 PRGHO DVVXPHV WKDW WKH KLJK DQG ORZILGHOLW\ PRGHO SUHVVXUH
GLVWULEXWLRQV KDYH FRUUHVSRQGLQJ VHWV RI FKDUDFWHULVWLF SRLQWV 7KLV LV XVXDOO\ WKH FDVH IRU WKH SUDFWLFDO UDQJHV RI
GHVLJQ YDULDEOHV EHFDXVH WKH RYHUDOO VKDSH RI WKH GLVWULEXWLRQV LV VLPLODU IRU ERWK PRGHOV ,Q FDVH RI D ODFN RI
FRUUHVSRQGHQFHRULJLQDOGHILQLWLRQVRIFKDUDFWHULVWLFSRLQWVDUH UHSODFHGE\ WKHLU FORVHVW FRXQWHUSDUWV7KH W\SLFDO
H[DPSOH ZRXOG EH QRQH[LVWHQFH RI WKH ORFDOPLQLPXPRI WKH SUHVVXUH GLVWULEXWLRQ IRU WKH XSSHU VXUIDFH IRU WKH
KLJKDQGRUORZILGHOLW\PRGHODWFHUWDLQGHVLJQV,QWKLVFDVHWKHRULJLQDOSRLQWORFDOPLQLPXPLVUHSODFHGE\WKH
SRLQWVFKDUDFWHUL]HGE\WKHODUJHVWFXUYDWXUH
2SWLPL]DWLRQ0HWKRGRORJ\
2EMHFWLYH)XQFWLRQ
,Q LQYHUVHGHVLJQ WKHSULPDU\REMHFWLYH LV WKHDOLJQPHQWEHWZHHQ WKHSUHVVXUHGLVWULEXWLRQRI WKHDLUIRLOEHLQJ
GHVLJQHGDQGWKHSUHVFULEHGWDUJHW7KHDOLJQPHQWFDQEHPHDVXUHGXVLQJDQRUP
'XH WR XQDYRLGDEOHPLVDOLJQPHQW EHWZHHQ WKH SUHVVXUH GLVWULEXWLRQV RI WKH KLJKILGHOLW\PRGHO DQG LWV 6353
VXUURJDWH LW LV QRW FRQYHQLHQW WR XVH VRPH RI WKH FRQVWUDLQWV HJ DPD[LPXP DOORZDEOH GUDJ GLUHFWO\ 7KLV LV
EHFDXVH WKH GHVLJQ WKDW LV IHDVLEOH IRU WKH VXUURJDWH PRGHO PD\ QRW EH IHDVLEOH IRU WKH KLJKILGHOLW\ PRGHO ,Q
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SDUWLFXODU WKHGHVLJQREWDLQHG DV D UHVXOW RI RSWLPL]LQJ WKH VXUURJDWHPRGHO&SVL LH[L ZLOO EH IHDVLEOH IRU
&SVL+RZHYHULI[LLVQRWIHDVLEOHIRUWKHKLJKILGHOLW\PRGHOLWZLOOQRWEHIHDVLEOHIRU&SVLEHFDXVHZHKDYH
&SVL[L &SI[LE\WKHGHILQLWLRQRIWKHVXUURJDWHPRGHO,QRUGHUWRDOOHYLDWHWKLVSUREOHPZHVKDOOXVHWKH
SHQDOW\ IXQFWLRQDSSURDFK WRKDQGOH WKHGUDJFRQVWUDLQW2IFRXUVH WKLVGRHVQRWDSSO\ WRFRQVWUDLQWV WKDWGHSHQG
H[FOXVLYHO\RQWKHDLUIRLOJHRPHWU\VXFKDVWKHPLQLPXPDLUIRLOFURVVVHFWLRQDODUHD
,QWKLVZRUNDOOWKHFRQVWUDLQWVDUHKDQGOHGWKURXJKSHQDOW\IXQFWLRQVVRWKDWWKHREMHFWLYHIXQFWLRQLVGHILQHGDV
IROORZV

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ZLWK) __&S[±&SW__ZKHUH&SWLVWKHWDUJHWSUHVVXUHGLVWULEXWLRQ'&GZV LI&GZV&GZVPD[DQG'&GZV &GZV±
&GZVPD[RWKHUZLVH'&OV LI&OVt&OVPLQDQG'&OV &OV±&OVPLQRWKHUZLVHDQG'$ LI$$PLQDQG'$ $±
$PLQ RWKHUZLVH ,Q RXU QXPHULFDO H[SHULPHQWV ZH XVH E   G   J    +HUH WKH SUHVVXUH GLVWULEXWLRQ IRU WKH
VXUURJDWHPRGHOLV&S &SVDQGIRUWKHKLJKILGHOLW\PRGHO&S &SI$OVR&OVDQG&GZVGHQRWHWKHOLIWDQGZDYH
GUDJFRHIILFLHQWVERWKEHLQJIXQFWLRQVRIWKHSUHVVXUHGLVWULEXWLRQ


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D E
)LJD([DPSOHORZILGHOLW\PRGHOSUHVVXUHGLVWULEXWLRQDWWKHGHVLJQ[L&SF[LVROLGOLQHWKHORZILGHOLW\PRGHOSUHVVXUHGLVWULEXWLRQDW
RWKHUGHVLJQ[&SF[GRWWHGOLQHFKDUDFWHULVWLFSRLQWVRI&SF[L FLUFOHVDQG&SF[VTXDUHVDQGWKH WUDQVODWLRQYHFWRUVVKRUW OLQHVE
ORZILGHOLW\PRGHOSUHVVXUHGLVWULEXWLRQVLQLWLDOFKDUDFWHULVWLFSRLQWVODUJHPDUNHUVDQGWUDQVODWLRQYHFWRUVIURP)LJDDVZHOODVDGGLWLRQDO
SRLQWVVPDOOPDUNHUVLQVHUWHGLQEHWZHHQWKHLQLWLDOSRLQWVHLWKHUXQLIRUPO\ZLWKUHVSHFWWR[FIRUWKRVHSDUWVRIWKHSUHVVXUHGLVWULEXWLRQWKDW
DUHDOPRVWIODWRUEDVHGRQWKHUHODWLYHSUHVVXUHYDOXHZLWKUHVSHFWWRFRUUHVSRQGLQJLQLWLDOSRLQWVIRUWKRVHSDUWVRIWKHSUHVVXUHGLVWULEXWLRQWKDW
DUH³VWHHS´

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D E
)LJD+LJKILGHOLW\PRGHOSUHVVXUHGLVWULEXWLRQDW[L&SI[LVROLGOLQHDQGWKHSUHGLFWHGKLJKILGHOLW\PRGHO&SDW[GRWWHGOLQHREWDLQHG
XVLQJ6353EDVHGRQFKDUDFWHULVWLFSRLQWVRI)LJEFKDUDFWHULVWLFSRLQWVRI&SI[LFLUFOHVDQGWKHWUDQVODWLRQYHFWRUVVKRUWOLQHVZHUHXVHG
WRILQGWKHFKDUDFWHULVWLFSRLQWVVTXDUHVRIWKHSUHGLFWHGKLJKILGHOLW\PRGHOSUHVVXUHGLVWULEXWLRQRQO\LQLWLDOSRLQWVDUHVKRZQIRUFODULW\ORZ
ILGHOLW\ PRGHO GLVWULEXWLRQV &SF[L DQG &SF[ DUH SORWWHG XVLQJ WKLQ VROLG DQG GRWWHG OLQH UHVSHFWLYHO\ E KLJKILGHOLW\ PRGHO SUHVVXUH
GLVWULEXWLRQDW[&SI[VROLGOLQHDQGWKHSUHGLFWHGKLJKILGHOLW\PRGHOSUHVVXUHGLVWULEXWLRQDW[REWDLQHGXVLQJ6353GRWWHGOLQH
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2SWLPL]DWLRQ$OJRULWKP
7KHRSWLPL]DWLRQDOJRULWKPH[SORLWVWKH6353EDVHGVXUURJDWHPRGHODQGDWUXVWUHJLRQFRQYHUJHQFHVDIHJXDUG
>@,WFDQEHVXPPDUL]HGDVIROORZV
 6HWL 6HOHFWOLQLWLDOWUXVWUHJLRQUDGLXV(YDOXDWH&SI[
 6HWXS6353PRGHO
 2EWDLQ[L DUJPLQ^O[X__[±[L__O+&SVL[`
 (YDOXDWHKLJKILGHOLW\PRGHOWRJHW&SI[L
 ,I+&SIL[L+&SIL[LDFFHSW[L2WKHUZLVH[L [L
 8SGDWHO
 6HWL L
 ,IWHUPLQDWLRQFRQGLWLRQLVQRWVDWLVILHGJRWR
7KH6353VXUURJDWHPRGHOLVXSGDWHGEHIRUHHDFKLWHUDWLRQRIWKHRSWLPL]DWLRQDOJRULWKPXVLQJWKHKLJKILGHOLW\
PRGHO GDWD DW WKH GHVLJQ REWDLQHG LQ WKH SUHYLRXV LWHUDWLRQ 7KH WUXVWUHJLRQ SDUDPHWHU O LV XSGDWHG DIWHU HDFK
LWHUDWLRQ LH GHFUHDVHG LI WKH QHZ GHVLJQZDV UHMHFWHG RU WKH LPSURYHPHQW RI WKH KLJKILGHOLW\PRGHO REMHFWLYH
IXQFWLRQZDV WRR VPDOO FRPSDUHG WR WKHSUHGLFWLRQJLYHQ E\ WKH 6353 VXUURJDWH RU LQFUHDVHGRWKHUZLVH:HXVH
FODVVLFDOXSGDWLQJUXOHVVHHHJ>@7KHDOJRULWKPLVWHUPLQDWHGLI__[L±[L__RUO
9HULILFDWLRQ([DPSOHV
7KH UHVXOWV RI LQYHUVH GHVLJQ XVLQJ WKH SURSRVHG DOJRULWKP DUH SUHVHQWHG IRU IRXU WHVW FDVHV 7KH JULGVHDUFK
DOJRULWKP VHH HJ >@ LV XVHG LQ WKH VXUURJDWHPRGHO RSWLPL]DWLRQ7KHGHVLJQ YDULDEOHV DUH WKH DLUIRLO VKDSH
SDUDPHWHUVLQWKH1$&$IRXUGLJLWSDUDPHWHUL]DWLRQGHVFULEHGLQ6HF LH[ >PS W@71RWHWKDW WKHFKRUG
OHQJWK LV VHW WR  7KH RQO\ LQHTXDOLW\ FRQVWUDLQW LV WKH PLQLPXP FURVVVHFWLRQDO DUHD FRQVWUDLQW 7KHUH DUH QR
HTXDOLW\FRQVWUDLQWV7KHVLGHFRQVWUDLQWVDUHPSDQG W)RUFRPSDULVRQ WKH
LQYHUVHGHVLJQWHVWFDVHVDUHDOVRVROYHGE\XVLQJRQO\WKHKLJKILGHOLW\&)'PRGHODQGWKHJULGVHDUFKDOJRULWKP
7KH WHVW FDVHVZHUH FKRVHQ RQO\ IRU YHULILFDWLRQ SXUSRVHV DQG WKH\ GR QRW UHSUHVHQW RSWLPDO DLUIRLO GHVLJQV7KH
UHVXOWVDUHSUHVHQWHGLQ7DEOH
,QFDVHWKHWDUJHWSUHVVXUHGLVWULEXWLRQLVWKHRQHRI1$&$DW0f DQGĮ 7KHLQLWLDOGHVLJQLV
1$&$DQGWKHPLQLPXPFURVVVHFWLRQDODUHDLV$PLQ )LJDVKRZVWKHSUHVVXUHGLVWULEXWLRQVIRUWKH
WDUJHW LQLWLDO DQG RSWLPL]HG GHVLJQV 7KHUH LV FOHDUO\ D ODUJH GLIIHUHQFH EHWZHHQ WKH LQLWLDO DQG WDUJHW SUHVVXUH
GLVWULEXWLRQV 2Q WKH XSSHU VXUIDFH WKH WDUJHW SUHVVXUH GLVWULEXWLRQ KDV D PXFK VWURQJHU VKRFN ORFDWHG IXUWKHU
GRZQVWUHDPWKDQWKHVKRFNRQWKHLQLWLDOGHVLJQ1HDUWKHOHDGLQJHGJHRQWKHORZHUVXUIDFHRIWKHWDUJHWSUHVVXUH
GLVWULEXWLRQWKHSUHVVXUHLVUHGXFHGVKDUSO\EHKLQGWKHVWDJQDWLRQSRLQWEXWWKHQLWULVHVDQGUHFHGHVDJDLQEHIRUH
WHQGLQJ WRZDUGV WKH SUHVVXUH YDOXH DW WKH WUDLOLQJHGJH )RU WKH LQLWLDO GHVLJQ RQ WKH ORZHU VXUIDFH WKH SUHVVXUH
GLVWULEXWLRQ LVPXFK VPRRWKHU DQGGRHVQRWKDYH WKLVQRQOLQHDULW\QHDU WKH OHDGLQJHGJH+RZHYHU WKHSURSRVHG
DOJRULWKPLVDEOHWRPDWFKWKHWDUJHWSUHVVXUHGLVWULEXWLRQUHODWLYHO\ZHOOZLWKWKHQRUPRIWKHGLIIHUHQFHEHWZHHQ
WKH WZRGLVWULEXWLRQVEHLQJ)   XVLQJ D WRWDO RI KLJKILGHOLW\ IXQFWLRQ FDOOV DQG  VXUURJDWH IXQFWLRQ
FDOOV7KHWRWDORSWLPL]DWLRQFRVWH[SUHVVHGLQWHUPVRIWKHHTXLYDOHQWQXPEHURIKLJKILGHOLW\IXQFWLRQFDOOVLVOHVV
WKDQ  KLJKILGHOLW\ IXQFWLRQ FDOOV 7KH ODUJHVW GLIIHUHQFH LQ WKH SUHVVXUH GLVWULEXWLRQV RI WKH WDUJHW DQG WKH
RSWLPL]HGGHVLJQLVQHDUWKHOHDGLQJHGJHZKHUHWKHSUHVVXUHGLVWULEXWLRQLVKLJKO\QRQOLQHDU,QYHUVHGHVLJQXVLQJ
WKH KLJKILGHOLW\&)'PRGHO DQG WKH JULGVHDUFK DOJRULWKP UHTXLUHG  IXQFWLRQ FDOOV 7KH RSWLPL]HG GHVLJQ LV
IDLUO\VLPLODUWRWKHRQHREWDLQHGXVLQJWKHVXUURJDWHEDVHGDOJRULWKP
7KHWDUJHWSUHVVXUHGLVWULEXWLRQLVWKHVDPHIRUFDVHVDQGLH[ >@7DW0f 
DQGĮ ,QFDVHWKHLQLWLDOGHVLJQLV1$&$DQG$PLQ 2XUPHWKRGKLWV WKHFURVVVHFWLRQDODUHD
FRQVWUDLQWDQGPDWFKHVWKHWDUJHWSUHVVXUHGLVWULEXWLRQRQO\UHODWLYHO\FORVHO\) )RUFDVHWKHFRQVWUDLQW
YDOXHLV ORZHUHGWR$PLQ EXWRWKHUSDUDPHWHUVDUHNHSWWKHVDPH1RZRXUDSSURDFKLVDEOHWRPDWFKWKH
WDUJHWPXFKFORVHU ) ZLWK WKHGHVLJQFRVWRIDERXWHTXLYDOHQW KLJKILGHOLW\ IXQFWLRQFDOOVZKHUHDV
XVLQJ WKHKLJKILGHOLW\&)'PRGHODQG WKHJULGVHDUFKDOJRULWKPUHTXLUHGIXQFWLRQFDOOV&DVHVWDUWVZLWKD
GLIIHUHQWLQLWLDOGHVLJQQDPHO\WKH1$&$+HUHWKHSURSRVHGPHWKRGLVDEOHWRPDWFKWKHWDUJHWGLVWULEXWLRQ
FORVHO\ )    DV FDQ EH VHHQ LQ )LJ E XVLQJ OHVV WKDQ  HTXLYDOHQW KLJKILGHOLW\ IXQFWLRQ FDOOV 7KH
FRPSDULVRQ PHWKRG UHTXLUHG  KLJKILGHOLW\ IXQFWLRQ FDOOV DQG LV XQDEOH WR PDWFK WKH WDUJHW DV FORVH DV WKH
SURSRVHGPHWKRG) 
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7DEOH1XPHULFDOUHVXOWVRIIRXULQYHUVHGHVLJQFDVHVVWXGLHVXVLQJWKHSURSRVHGRSWLPL]DWLRQPHWKRGRORJ\)LVWKHQRUPRIWKHGLIIHUHQFHRI
SUHVVXUHGLVWULEXWLRQVIRUWKHRSWLPL]HGDQGWKHWDUJHWGHVLJQV1FLVWKHQXPEHURIORZILGHOLW\PRGHOHYDOXDWLRQVDQG1ILVWKHQXPEHURIKLJK
ILGHOLW\PRGHOHYDOXDWLRQV$OOWKHQXPHULFDOYDOXHVDUHIURPWKHKLJKILGHOLW\PRGHO
 &DVH
0f D $PLQ 
 &DVH
0f D $PLQ 
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 
W         
&O         
&GZ         
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) 1$ 1$    1$ 1$  
1F 1$ 1$    1$ 1$  
1I 1$ 1$    1$ 1$  
7RWDOFRVW 1$ 1$    1$ 1$  
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
W         
&O         
&GZ         
$         
) 1$ 1$    1$ 1$  
1F 1$ 1$    1$ 1$  
1I 1$ 1$    1$ 1$  
7RWDOFRVW 1$ 1$    1$ 1$  
'HVLJQREWDLQHGXVLQJWKHKLJKILGHOLW\PRGHODQGWKHJULGVHDUFKDOJRULWKP>@
'HVLJQREWDLQHGXVLQJWKHDOJRULWKPSURSRVHGLQ6HFVXUURJDWHPRGHORSWLPL]DWLRQSHUIRUPHGXVLQJWKHJULGVHDUFKDOJRULWKP>@
7KHWRWDORSWLPL]DWLRQFRVWLVH[SUHVVHGLQWHUPVRIWKHHTXLYDOHQWQXPEHURIKLJKILGHOLW\PRGHOHYDOXDWLRQV7KHUDWLRRIWKHKLJKILGHOLW\
PRGHOHYDOXDWLRQWLPHWRWKHFRUUHFWHGORZILGHOLW\PRGHOHYDOXDWLRQWLPHYDULHVEHWZHHQWRGHSHQGLQJRQWKHGHVLJQ)RUWKHVDNHRI
VLPSOLFLW\ZHXVHDIL[HGYDOXHRIKHUH
 
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D E
)LJ7KHSUHVVXUHGLVWULEXWLRQVDQGDLUIRLOVKDSHVIRUWKHLQLWLDORSWLPL]HGDQGWDUJHWGHVLJQVIRUDFDVHDQGEFDVH
&RQFOXVLRQV
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KLJKILGHOLW\ PRGHO 7KH ORZILGHOLW\ PRGHO LV EDVHG RQ VDPH JRYHUQLQJ HTXDWLRQV DV WKH KLJKILGHOLW\ PRGHO EXW
H[SORLWV FRDUVHU GLVFUHWL]DWLRQ DQG UHOD[HG FRQYHUJHQFH FULWHULD7KH ORZILGHOLW\PRGHO LV FRUUHFWHGE\ DOLJQLQJ WKH
DLUIRLO VXUIDFH SUHVVXUH GLVWULEXWLRQZLWK WKH FRUUHVSRQGLQJ GLVWULEXWLRQ RI WKH KLJKILGHOLW\PRGHO E\PHDQV RI WKH
VKDSHSUHVHUYLQJ UHVSRQVH FRUUHFWLRQ SUHGLFWLRQ WHFKQLTXH ZKLFK HQVXUHV D JRRG JHQHUDOL]DWLRQ FDSDELOLW\ RI WKH
VXUURJDWHPRGHOZLWKUHVSHFWWRERWKREMHFWLYHVDQGFRQVWUDLQWV7KHDOLJQPHQWSURFHVVLVSDUWLFXODUO\VXLWDEOHVLQFHD
WDUJHW SUHVVXUH GLVWULEXWLRQ LV VSHFLILHG LQ WKH LQYHUVH GHVLJQ SUREOHP 7KH DOJRULWKP SHUIRUPDQFH LV HQKDQFHG E\
HPEHGGLQJLW LQWKHWUXVWUHJLRQIUDPHZRUN2XUDSSURDFKLVVLPSOHWRLPSOHPHQWDQGLWVUREXVWQHVVLVGHPRQVWUDWHG
WKURXJKVHYHUDOWHVWFDVHVZLWKWDUJHWSUHVVXUHGLVWULEXWLRQVREWDLQHGXVLQJRQO\DIHZKLJKILGHOLW\PRGHOHYDOXDWLRQV
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